Net buoyancy changes affect hovering performance and increase the extra energy consumption of deep-sea intelligent floats (DIFs) at different submergence depths. To improve the adjustment efficiency of net buoyancy changes and solve the extra energy consumption problem at different submergence depths, this study proposes a combination model of ballasting weight (BW) and minimum oil content for DIFs based on the BW method. The proposed model is accurately designed by combining an exponential function model of actual density distribution in the oceans and the deformation of a DIF hull that resulted from compressibility and thermal expansibility. Given that the adjustment process of the net buoyancy changes should be approximated for actual deployment, the model establishes the compressibility balanced relationship between the DIF hull and actual seawater. The feasibility of the proposed model is validated through hyperbaric tank system and at-sea experiments. Experimental results show that the relationship between the net buoyancy changes of DIF and pressure is nonlinear. The BW changes fluctuate between 0.05 and 0.15 g by increasing the diving depth by 1 m. For the influence of the BW on the submergence depth error, the scope of the depth error ratio is 2.2% to 2.8% from the predefined depth of 100-4200 m. Analysis results provide a basis for the establishment of an optimal net buoyancy adjustment scheme for DIFs.
I. INTRODUCTION
Ocean exploration has gained increased attention from maritime countries, especially in the deep sea where various resources and lives are desirable. However, deep sea exploration is challenging. In the recent decade, the observation of the deep ocean layer between 2000 and 4000 m isobaths [1] , which improve the estimates of the ocean heat, freshwater content, and sea level rise [1] , has become a research hotspot. To satisfy the needs of thermal content research in deep The associate editor coordinating the review of this manuscript and approving it for publication was Haiyong Zheng . seawater, extending regular 2000 m profiles to a deeper depth is necessary. A deep-sea intelligent float (DIF) is designed to extend the observation depth of 2000 m down to 4000 m. A DIF, which is used as a tool of oceanic reconnaissance and deep-sea work, has been developed by researchers and is widely applied to the Argo Project in which it is named as a profiling or Argo float. The float dives and ascends by changing its buoyancy [1] - [4] . As a universal platform for ocean monitoring instruments, a DIF can carry various hydrological observation sensors, such as temperature, salinity, and pressure sensors, for scientific research. A DIF can also cycle vertically and send the collected data to the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ receiver located on the research vessel via iridium satellite communication. The observation scheme of a DIF is shown in Figure 1 [1]- [4] . A DIF is a highly autonomous, self-learning unmanned platform that adapts to volatile surroundings in a deep ocean environment [2] . The buoyancy adjustment of the DIF is accomplished by volumetric change. A schematic of the DIF buoyancy-driven system and the appearance of the DIF are shown in Figure 2 . When the DIF is ready to submerge, a latching value is opened to pump back the hydraulic oil of the external bladder into the internal reservoir. The DIF dives into a predefined depth because the volume of the external bladder decreases, thereby decreasing the buoyancy. The DIF suspends under seawater for a scheduled period. When the DIF is ready to ascend, hydraulic oil flows from the internal reservoir through a filter to a motor-driven hydraulic pump. The single stroke plunger pump is replaced by a relatively small hydraulic pump to provide ultrahigh pressure. The hydraulic pump can fully use the spherical pressure hull space. The hydraulic oil is pumped into the external bladder to increase buoyancy through a one-way valve. The one-way valve can prevent the hydraulic oil from reversing backflow through the hydraulic pump. The buoyancy of the DIF begins to increase with the volume of the expanding external bladder [2] - [4] . The DIF ascends when the buoyancy is greater than the gravity of the DIF. The vertical profile data of water temperature, pressure, and salinity are collected by the conductivity, temperature, and depth (CTD) sensors during its ascent to the surface. When the DIF is pushed to the surface, data can be transmitted via satellite. The new dive continues to the next period until the battery runs out of power.
The deformation of the DIF hull and the seawater density variation causing the changes in net buoyancy affect the energy consumption of the buoyancy-driven system in the deep submergence process because the changing volume of the external bladder is limited. Thus, the deformation of the DIF hull and seawater density variation should be regarded as important factors of net buoyancy changes. Research on the net buoyancy variation of underwater equipment is highlighted worldwide [1] , [5] - [9] . To operate a neutrally buoyant float, Rossby et al. [5] attempted to use an external separate ''compressee'' method to modify the compressibility to match that of seawater. A net buoyancy that changes the measuring method of an (Autonomous Lagrangian Circulation Explorer) ALACE float was proposed by adopting a pressure vessel with a strain-gauge bending beam [6] . The fractional compressibility of the ALACE float was measured at various pressure levels between 200 and 600 dbar. A ballast procedure was optimized to achieve the laboratory measurement of the net buoyancy of a RAFOS float at various pressure levels between 0 and 1000 dbar [7] . The net buoyancy of a Lagrangian float was measured as a function of pressure using a pressure tank at a known pure water temperature [8] . On the basis of the first generation of Lagrangian floats, the interrelation between pressure and net buoyancy was systematically expatiated in a pressure tank experiment [9] . A ''Deep-Arvor'' profiling float was designed to extend the depth down to 4000 m [1] . This profiling float underwent a hyperbaric tank test under realistic conditions in an at-sea experiment. The net buoyancy variation caused by the deformation of the pressure hull was monitored using sticking gauges. In accordance with the principal of the ballasting weight (BW) method [3] , the cement's particle size distribution was determined using the buoyancy weighing-bar method. The density change in a suspension due to particle migration was measured by weighing the buoyancy against a weighing-bar hung in the suspension; then, the particle size distribution was calculated using the length of the bar and the time-course change in the mass of the bar [10] . In terms of the BW method, the variable buoyancy engine (VBE) was used to vary the buoyancy of an underwater vehicle to implement the depth control process of the linear quadratic regulator method. The ballast tanks based on VBE varied the buoyancy by pumping water in and out of the storage tanks within the vehicle [11] . In [11] , the hydraulic variable ballast system driven by continuous flow rate via pulse width modulation-controlled solenoid valves and/or servo motors could improve BW tracking performance for the hovering control of underwater vehicles [12] .
For several years, traditional DIFs have been widely used in marine environmental data collection from up to a depth of 2000 m [5] - [9] . The ''Deep-Arvor'' profiling float had withstood the development and testing stage in a diving process at a 4000 m depth [1] . However, the strain-gauge method was used in the net buoyancy measurement of the DIF [5]- [9] . The net buoyancy changes caused by the local deformation of the pressure hull were analyzed using only this method. In addition, the pressure hull of these references [5] - [9] still selected the high-strength aluminum alloy cylindrical hull. A spherical pressure-proof structure of the DIF was designed in this study in consideration of the relatively strict requirements advocated for the compression resistance of pressure hulls. Glass is selected as an appropriate material for this spherical pressure hull. Analyzing the net buoyancy changes of the entire DIF by using the traditional strain- gauge method is difficult. However, the overall net buoyancy variation characteristic of a research object is reflected by the BW method [3] , [10] - [12] .
The main contribution of this study is summarized as follows: (1) Inspired by the BW method, this study applies the weight change analysis based on the ballasting method to study the overall net buoyancy changes of a spherical DIF under various pressure levels; thus, a chain of weights is lifted in the hyperbaric tank system. The result shows that the relationship between the overall net buoyancy changes of the DIF and pressure is nonlinear. The BW changes fluctuate between 0.05 and 0.15 g by increasing the diving depth by 1 m. This feature is the most important among the overall net buoyancy changes of the spherical DIF. (2) A combination model of BW and MOC for the DIF is proposed on the basis of the ballasting method at different submergence depths. To achieve the universality of the proposed model in the global oceans and autonomous adjustment ability of the net buoyancy changes for the DIF, this study applies the compressibility balanced relationship idea between the DIF hull and seawater density for actual deployment in the design process of the proposed model. The advantage of the proposed model is that it improves the adjustment efficiency of the net buoyancy changes at different submergence depths and reduces the extra energy consumption caused by the net buoyancy changes of the DIF. This characteristic of the proposed model is crucial.
The remainder of this paper is organized as follows: In Section 2, the material and shape characteristics of different pressure hulls are compared. The spherical glass housing is selected as the pressure hull of the DIF. In Section 3, a function model of the actual seawater density distribution model in different seasons of different regions is analyzed. The DIF hull deformation that resulted from compressibility and thermal expansibility is discussed. On the basis of the BW method, a combination model of BW and MOC for the DIF at different submergence depths is proposed. In Section 4, the experimental process of the net buoyancy changes for a spherical DIF using the hyperbaric tank system is explicated in detail. In Section 5, the quantitative relation between net buoyancy and pressure under various pressure levels is obtained in accordance with the hyperbaric tank experimental results. An at-sea ballasting experiment is conducted to analyze the depth error on the BW math model. Lastly, on the basis of the analysis results, conclusions are drawn in Section 6.
II. MATERIAL AND STRUCTURE TYPES OF PRESSURE HULL
Pressure hull selection has been developed toward multiple directions of buoyancy change control, great submergence, and compressibility. Compared with aluminum alloy, nonmetal materials can provide higher specific strength and specific modulus. Selected nonmetal materials may include molded plastic, ceramic, or glass [13] , [14] . Glass has been widely used as a pressure-resistant housing material. Glass has the characteristics of full transparency, strengthweight ratio, corrosion resistance, light weight, nonpolluting, and good compression performance [15] . It satisfies the requirement as an isotropic solid [7] - [9] . Ocean development relies on the DIF, and the high-strength solid protective hull materials, which compensate for the buoyancy, are important general materials. As common deep-sea buoyancy materials, polyethylene and polyoxymethylene demonstrate high strength, neutral buoyancy, low density, and low water absorption rate. For this reason, the protective hull and base are made of low-density polyethylene and polyoxymethylene, respectively. The polyethylene plastic protective hull is wrapped outside a pressure-resistant glass housing. The overall specific weight of the DIF can be adjusted by the polyethylene plastic protective hull. Meanwhile, the soft property can be utilized to avoid destroying the uniformity of the external pressure on the glass surface.
Under the same diameter and thickness, the stress on the spherical pressure hull is 1/2 of the stress on the cylindrical pressure hull. Under the same pressure hull material, the spherical pressure hull has a larger volume compared with the cylindrical pressure hull with the same surface area. Thus, compared with cylindrical pressure hull, a spherical pressure hull easily obtains a relatively large displacement. The weight-displacement ratio of spherical pressure hull decreases [16] , and the load-carrying behavior of the spherical pressure hull becomes stronger. The pressure generated by the water molecules of the gap acts uniformly on the surface of the spherical glass housing underwater due to the gap between the polyethylene plastic protective hull and the spherical glass housing. The stress, strain, and deformation of the spherical glass housing under a uniformly distributed load of 40 MPa are analyzed using ANSYS. Figure 3 shows that when the spherical glass housing is subjected to a uniformly distributed load of 40 MPa, the stress, strain, and deformation are gradually reduced from the inner to the outer surface and uniformly distributed. According to Figures 4 and 5, when the protective hull is subjected to a uniformly distributed load of 40 MPa, the maximum stress, strain, and deformation occur at the top area of the upper protective hull during the diving and ascending processes. The maximum stress, strain, and deformation of the protective hull during the ascending process are less than those in the diving process.
In summary, the spherical glass housing is superior to the pressure housing produced by other materials and shapes. Thus, the DIF has small deformation and light weight under external pressure.
III. ANALYSIS OF NET BUOYANCY CHANGES USING THE BALLASTING METHOD
Without considering the change of gravitational acceleration, the seawater density variation and DIF hull deformation cause corresponding changes in net buoyancy. Prior to the analysis of the ballasting method, these influencing factors of net buoyancy are discussed to clarify the specific characteristics of seawater density variation and DIF hull deformation.
A. FUNCTION MODEL OF ACTUAL SEAWATER DENSITY DISTRIBUTION
Seawater density variation changes DIF buoyancy, thus breaking the buoyant state and resulting in an unstable effect. In general, liquid is considered incompressible. The effect of the liquid volume compression is important in studying water density variation with pressure. Seawater density has more serious changes compared with that caused by salinity and temperature changes due to pressure variation [17] . In consideration of the influence of seawater pressure, the water molecules are compressed, the distance between the water molecules decreases, and the density of seawater increases. Without consideration of the effects of temperature and salinity, the expression of the seawater density ρ is rewritten as follows [3] :
where ρ(0) is the density of standard seawater at 1 atm, P is the pressure at a predefined depth z, k(P) is the compressibility of water, k(P) = β(ρ) P = ρ−ρ 0 Pρ 0 , and β(ρ) is the change rate of the seawater density.
The DIF is considered for deployment in the South China Sea (18.35 • N, 114.35 • E). The computation of in situ seawater density is based on the measured South China Sea pressure/depth, salinity, and temperature data from the CTD sensors. The range of actual seawater salinities and temperatures is approximately 29.1 • C-1.76 • C and 34.68-34.00 psu, respectively, ranging from the sea surface down to a maximum depth of 4200 m. The seawater density values are calculated in accordance with the equation of state for seawater 1980 (UNESCO, 1981) [18] - [20] .
However, seawater density, which is the nonlinear function of the seawater depth, has an asymptotic dependence on seawater depth. The simple approximation using the firstorder linear regression function is insufficiently accurate. An exponential function of the functional model is considered; it describes the seawater density related to depth. The seawater density distribution of the sea trial area is described by applying the best fitting of the model given in Equation (2) 
The seawater density distribution model in Equation (2) is fitted to the seawater density data of the sea trial area.
The seawater density distribution model of the sea trial area is obtained as follows:
where ρ(z) is the seawater density at the predefined depth, z. Thus, the seawater density distribution model can be expressed as follows:
where the fitting coefficients of A, B, a and b are determined by the longitude and latitude of the deployed sea area. Variations in seawater density exist due to different seasons in different regions. To verify the universality of the proposed math model of BW and MOC, the computation of in situ seawater density is based on the southern hemisphere, equator, and northern hemisphere pressure/depth, salinity, and temperature data from the World Ocean Atlas 2013 (WOA2013). The available WOA2013 data are provided by the National Oceanographic Data Center of the National Oceanic and Atmospheric Administration [21] . The empirical model of global seawater density distribution is used to fit the available data. In accordance with the fitting results of the available data in different seasons of different regions, the fitting coefficients of A, B, a, and b are obtained as shown in Table 1 . The fitting results of the seawater density in the southern hemisphere, equator, and northern hemisphere in summer and winter are shown in Figures 7, 8, and 9, respectively.
B. DEFORMATION OF THE DIF HULL
The DIF hull deformation caused by the underwater environment pressure and temperature breaks the balance between buoyancy and weight and brings the DIF to an unstable state. The two intrinsic properties of the DIF hull material, namely, compressibility and thermal expansibility, considerably influence the DIF hull volume with diving depth [7] - [9] . The volume that results from compressibility changes remarkably compared with that resulting from thermal expansibility with increasing seawater pressure. The remaining problem is to determine the compression of the DIF hull. The DIF hull mainly consists of a spherical glass housing and DIF's other protective hulls.
The compression of the spherical pressure hull under different pressure V P_s is expressed as follows [22] :
where R is the radius of the spherical pressure hull (R = 0.216 m), µ is the Poisson's ratio (µ = 0.2), E is the modulus of elasticity on the spherical pressure hull (E = 63 GPa), δ is the thickness of the spherical pressure hull (δ = 0.0135 m), and P z is the pressure at target depth z. Here, glass is the selected material for the spherical pressure hull. These parameters are substituted into Equation (4) to obtain: In addition to the spherical glass housing, the compression of the DIF's other protective hulls, such as the protective and antenna hulls and base, must be considered. Table 2 shows the physical property parameters of the DIF hull. The compression of the DIF's other protective hulls under different pressure V P_p is expressed as follows [23] , [24] :
where µ is the Poisson's ratio, E is the modulus of elasticity, V i is the volume of each protective hull on the DIF, and P z is the pressure at the predefined depth z. Substituting µ, E and V i into the equation (6) leads to
Thus, the compression of the DIF hull under different pressure V P is obtained as
Glass is generally considered to have less compressibility compared with plastic. Under the same pressure, the compression of the spherical glass housing is less than that of the DIF's other protective hulls. However, the analysis result shows that the compression of the DIF hull is mainly determined by the compression of the spherical glass housing. It can be verified by the compression experiment of the DIF with and without protective hulls in the hyperbaric tank system.
Then, the compressibility of the DIF hull due to pressure ϒ is expressed as follows:
where V is the compression of the DIF hull at different pressures, and V 0 is the DIF volume at 1 atm. β(V ) is the compression rate of the DIF hull. P z is the pressure at target depth z. DIF hull compressibility can be optimized by analyzing the compressibility of the spherical glass housing on which the compression of the DIF hull depends. The compressibility of the spherical glass housing ϒ sphericalglasshousing is obtained as follows:
. (10) The compressibility of the spherical glass housing mainly depends on the following four parts: Poisson's ratio µ, modulus of elasticity E, thickness δ, and radius R of the spherical glass housing. The sea trial area of South China Sea (18.35 • N, 114.35 • E) is considered an example on the basis of this analysis. The seawater compressibility of the sea trial area is ϒ seawater = 4.52E−10/Pa. When the compressibility of seawater and that of the DIF hull are approximately equal, the DIF reaches neutral buoyancy at any predefined depth. Then, ϒ seawater = ϒ sphericalglasshousing . The compressibility of the spherical glass housing can be adjusted to match the seawater compressibility of the sea trial area. The material property parameters and the geometric parameters of the spherical glass housing are discussed.
With the same radius (R = 0.216 m) and thickness of the spherical glass housing (δ = 0.0135m), the relationship between the Poisson's ratio µ and modulus of elasticity E is obtained as follows:
The relationship between the Poisson's ratio and modulus of elasticity is shown in Figure 10 . In a Poisson's ratio ranging from 0 to 0.5, the elastic modulus has a corresponding value. The reasonable value of the Poisson's ratio and elastic modulus is related to the adjustment of glass material composition and processing technology. The material property of the spherical glass housing can be optimized for the deployed DIF in South China Sea (18.35 
With the same material property parameters of the spherical glass housing (E = 63GPa, µ = 0.2), the proportional relationship between the radius and thickness of the spherical glass housing is obtained as follows:
Equation (12) is simplified as follows:R ≈ 23.8δ. The thickness of the spherical glass housing can be designed and obtained in terms of the maximum diving depth. On the basis of Equation (12), the reasonable volume of the spherical glass housing is obtained for the deployed DIF in South China Sea (18.35 
Thus, in accordance with the balanced compressibility relationship between the DIF hull and seawater, the ideal target of net buoyancy changes can be achieved by adjusting the material property and geometric parameters of the spherical glass housing.
In addition, seawater temperature decreases with increasing depth, which affects the DIF hull deformation and reduces the DIF buoyancy. The thermal expansibility of the DIF can be determined for the spherical glass housing and DIF's other protective hulls. The DIF hull deformation over a given temperature V T is expressed as follows [6] :
where V i is the volume of each subassembly in the DIF on the sea surface, and α i is the thermal expansion coefficient of each subassembly in the DIF. T 0 is the seawater temperature at sea surface. T z is the seawater temperature at a depth of z (T z = f(z)). The relevant parameters in Table 2 are substituted into Equation (14) to obtain
As shown in Figure 11 , the temperature data corresponding to the depth in the South China Sea (18.35 • N, 114.35 • E) are fitted by the double exponential function to analyze the temperature change with depth.
where T (z) is the seawater temperature at predefined depth z.
Variations in seawater temperature in different areas and seasons exist, and the fitting results of the seawater temperature in the southern hemisphere, equator, and northern hemisphere in summer and winter are shown in Figures 12, 13 , and 14, respectively. The seawater temperature distribution model can be expressed as follows:
where the fitting coefficients of J , U , j and u are determined by the longitude and latitude of the deployed sea area, as shown in Table 3 .
C. BALLASTING METHOD
The DIF's net buoyancy, which is the difference between buoyancy and gravity, is the source of movement. When the DIF is neutrally buoyant, the gravity acting on the DIF must be equal to the buoyancy of the DIF. The relationship can be expressed as follows:
where M is the DIF mass in the state of neutral buoyancy, and g is the acceleration of gravity. ρ(S,T,P) is the seawater density at a predefined depth, which changes with salinity S, temperature T , and pressure P. V(T,P) is the volume of the DIF at a predefined depth, which changes with temperature and pressure. The net buoyancy of the DIF changes significantly due to the increasing diving depth, which causes variation in temperature, salinity, and pressure. Among these influencing factors, pressure has a primary effect on the net buoyancy changes [25] . The seawater pressure acting on the DIF gradually increases with diving depth according to the following equation:
where P 0 is the pressure at the initial depth, ρ is the density of seawater at predefined depth z, g is the acceleration due to gravity, P is the pressure at predefined depth z. Seawater density variation is related to the changes in salinity, temperature, and depth. When the DIF suspends at a predefined depth of 4000 m in the South China Sea The gravity acceleration of the sea surface increases with the increasing geographical latitude. A general formula for calculating the gravity acceleration g is described as follows [26] : where θ is the geographical latitude, and z is the seawater depth. Equation (19) shows that the gravity acceleration variation is small within 1 km 2 , which can be ignored.
Equation (18) shows that when P 0 is 0.1 MPa, without considering the effects of the changes in salinity, temperature, and gravity acceleration. Each dive at 10 m increases the pressure by 0.1 MPa. The seawater pressure can be approximately considered to be 40 MPa at a depth of 4000 m.
Thus, the hyperbaric tank system is considered to simulate the actual seawater pressure conditions at different submergence depths.
The ballasting method is used to analyze the net buoyancy changes of the DIF under various pressure levels, thereby lifting a chain in the hyperbaric tank system. In addition, to study the DIF volume in the state of neutral buoyancy at different predefined depths, determining the DIF volume at 1 atm V 0 and the compressibility of the DIF hull γ is necessary. However, measuring these unknown parameters is difficult. Thus, V 0 and γ can be obtained through the hyperbaric tank experiment. In the experimental process, the hyperbaric tank is filled with normal tap water, and the value of salinity is approximately 0 psu. The normal tap water temperature of the hyperbaric tank system is 25.4 • C. The water temperature is approximately considered constant, and the effect of water temperature on the volume changes of the DIF is ignored. In addition, the hydraulic oil compressibility of the external bladder is 6.67E-10/Pa [17] ; it is easier to compress compared with water under external pressure. However, the maximal adjustable oil content of the external bladder is 500 ml. Compared with the surrounding water, the maximal adjustable oil compression under the pressure of 40 MPa is 13.34 ml. The maximal adjustable oil compression is small and can be ignored in the hyperbaric tank experimental system. If the changes in the water density caused by increasing water pressure is considered, then Equation (17) is rewritten as follows:
where M is the DIF mass in the state of neutral buoyancy, g is the acceleration of gravity, ρ(P) is the seawater density at the water pressure P, and V (P) is the volume of the DIF at the water pressure P. If the DIF lifts the chain at a given pressure P and comes to rest, the DIF volume at a given pressure P can be expressed as V (P) = V 0 (1 − γ P).The force equilibrium equation for static condition is obtained as follows:
where [M c (P)g] is the net buoyancy of the DIF at a given pressure P in water, and M c (P) is the BW to the DIF at a given pressure P in water. M f is the initial weight of the DIF, V 0 is the DIF volume at 1 atm, ρ(P) is the water density at a given pressure P in the hyperbaric tank, and γ is the compressibility of the DIF hull due to pressure. In accordance with Equation (1), Equation (21) is rewritten as follows
Then, Equation (22) can be expressed as follows:
The plot for Equation (23) shows that the relationship between the net buoyancy of the DIF and pressure is nonlinear. Thus, a regression equation is produced as follows:
(1) Let F n (P) = M c (P)g = AP 2 + BP + C, 
D. MATH MODEL OF BW AND MOC AT DIFFERENT PREDEFINED DEPTHS
If the DIF needs to be deployed in the sea trial area, then the BW of the DIF at different predefined depths is affected by the seawater density and temperature of the sea trial area. To study the relationship between the depth and BW of the DIF in the sea trial area, the seawater density and temperature distribution model in the South China Sea (18.35 • N, 114.35 • E) is applied. If the model roughly considers that every diving depth of 10 m increases the pressure by 0.1 MPa, then the relationship between the BW of DIF and predefined depth in any sea area is expressed as follows:
where the DIF volume at 1 atm V 0 and the compressibility of the DIF hull γ are determined by the simultaneous Equation (23) at two different pressures. Through the hyperbaric tank system experiment and calculations, the DIF volume at 1 atm V 0 is 0.051987m 3 
In accordance with the BW math model of the DIF, the MOC of the external bladder is determined when DIF dives to a predefined depth. When the DIF reaches its neutral buoyancy at the surface, the force equilibrium equation for static condition is obtained as follows:
where ρ 0 is the seawater density at the surface. V c is the ballasting volume of the spherical DIF. Q min is the MOC of the external bladder. M c is the BW of the spherical DIF.
Here, the ballast is the stainless-steel weight combination of different weights. ρ c is the density of stainless steel (ρ c = 7980kg/m 3 ). The MOC of the external bladder is expressed as follows: In Figure 15(a) , when the DIF is deployed in the South China Sea (18.35 • N, 114.35 • E), the relationship between the pressure and the BW of the DIF from a depth of 0 m to 490 m is nonlinear. The relationship is linear at a depth of 490 m to 4000 m. In addition, the variation slope of the BW curve is larger at depth of 0 m to 490 m than that at a depth of 490 m to 4000 m. As shown in Figure 15 As shown in Figure 16 , the math model of the BW and MOC of the external bladder are applied to different sea areas for different seasons. In global ocean, the variation trend of BW with depth is similar to that of MOC with depth. For different seasons, the BW and MOC of the external bladder in summer are greater than that in winter in southern hemisphere sea area. This result is due to the increase in seawater density caused by the evaporation of seawater in summer. In addition, with the increase in depth, the variation trend of BW and MOC of the external bladder is basically linear. In the equatorial and northern hemisphere sea area, the variation trends of the BW and MOC are the same in summer and winter. For different sea areas, the BW and MOC of the external bladder in the equatorial sea area are the greatest among the global oceans. The least BW and MOC of the external bladder occurs in the northern hemisphere sea area.
Then, the oil content of the external bladder is adjusted to the MOC before the DIF is deployed. As long as the seawater density distribution model of the sea trial area is obtained in advance, the BW of the DIF is obtained. When the MOC of the external bladder is entirely pumped back into the internal reservoir, the DIF can dive to a predefined depth. The adjustment efficiency of the net buoyancy changes at different submergence depths to improve the DIF further. Thus, the energy consumption of the buoyancy-driven system is reduced by the math model of BW and MOC in the adjustment process of the predefined depth range.
IV. BALLASTING EXPERIMENT IN THE HYPERBARIC SYSTEM
A ballasting experiment of the DIF with and without protective hulls is implemented in the hyperbaric tank system to study the net buoyancy changes and compression of the DIF at a predefined depth. A schematic of the hyperbaric tank system is shown in Figure 17 . The experimental system of the hyperbaric tank includes a fixed frame, a video camera, a chain, a DIF, and a video monitor. The fixed frame, video camera, chain, and the DIF are placed inside the hyperbaric tank, whereas the video monitor is placed outside. The DIF is placed inside the fixed frame, and the chain is connected to the bottom of the DIF. The fixed frame not only protects the DIF but also serves as a platform for connecting the video camera. The DIF is equipped with CTD sensors. The temperature and pressure are monitored by the CTD sensors in the hyperbaric tank [27] . The precision of the temperature and pressure measurements is 0.003 • C and 0.04 MPa, respectively. The chain is made up of 120 weights. The front part of the chain includes 50 weights, each weighing 1 g; the middle part includes 20 weights, each weighing 5 g; the back part includes 50 weights, each weighing 10 g. The total weight of the chain is set at 650 g. The total volume of the chain is approximately 32.7 ml at 1 atm. The buoyancy of the chain is caused by the variation in the chain's volume during pressurization. Its effect on the buoyancy changes of the DIF in water cannot be ignored during pressurization. Thus, the actual value of the lifted chain weight is the difference between the experiment value of the lifted chain weight and the calculated buoyancy value of the lifted chain. Table 4 shows the experimental initial condition parameters. These parameters are obtained by measurement.
At the beginning of the operational mission in the hyperbaric tank system, the DIF is placed in the water of the hyperbaric tank. In accordance with Equation (20), the DIF must be adjusted to be neutrally buoyant. That is, the initial net buoyancy of the DIF is 0 N. However, ensuring that the initial state of the DIF is neutrally buoyant prior to the experiment is difficult. The initial net buoyancy of the DIF is measured by the tension meter when the DIF is static on the base of the fixed frame. The initial net buoyancy of the DIF is approximately 0.274 N during this experiment. The gap between the base of the DIF and the fixed frame is in contact with the water, and the friction between them is small and negligible. Then, the hyperbaric tank is sealed off. The chain located at the bottom of the fixed frame can be clearly observed by operating the video camera within the field of view of the video monitor (see Figures 18 (a) and (b) ).
The hyperbaric tank is pressurized by an air-driven pump, and the pressure set point of the hyperbaric tank is controlled by the operator. When the initial pressure is 0 MPa in the hyperbaric tank, the DIF rests on the base of the fixed frame (see Figure 19(a) ). The hyperbaric tank is pressurized from 0 MPa to approximately 40 MPa with a pressure gradient of 2 MPa. When the pressure reaches the preset pressure value, the preset pressure value is maintained for 5 minutes. The DIF volume changes due to deformation during pressurization. The surrounding water is also pushed due to the increase in pressure in the hyperbaric tank. Therefore, the density of the surrounding water increases. When the compression extent of the DIF volume caused by the increasing pressure is less than that of the surrounding water, the buoyancy of the DIF gradually increases. The DIF begins to ascend when its gravity is less than the buoyancy. The excessive buoyancy lifts the chain attached to the bottom of the DIF (see Figure 19(b) ). If the number of the lifted weights is observed by the video monitor, then the weight of the lifted chain under the corresponding pressure is calculated during pressurization.
After the experiment, the entire system is removed, and the DIF hull is checked for any leakage or abnormal deformation. The measured CTD data is read on site, and the preliminary processing is performed to determine the validity of the test data. In accordance with the measured CTD data, the test normal tap water density is obtained through calculation. The hydrostatic proof test of the DIF with protective hulls is validated against the effect of external pressure. The pressure testing of the spherical glass housing is repeated in accordance with the experimental procedure to validate the influence of the spherical glass housing compression on the net buoyancy changes of the DIF. The DIF's other protective hulls are removed (see Figure 18(c) ). The chain is connected to the bottom of the spherical glass housing, and the spherical glass housing is placed in the water of the hyperbaric tank. The pressure incremental step and the holding time at pressure during pressurization are the same as that in the experimental process. Similarly, the compression of the spherical glass housing is calculated by the weight of the lifted chain under correspondent pressure during pressurization.
V. EXPERIMENTAL RESULTS

A. EXPERIMENTAL RESULTS USING THE HYPERBARIC TANK SYSTEM
The experiment results of the net buoyancy changes should be analyzed. If only the pressure effect is considered in the net buoyancy of the DIF, then the regression relationship between the pressure and net buoyancy of the spherical DIF is shown in Figure 20 (a). In accordance with Equation (23), the regression equation of the experiment results is obtained as follows:
The DIF volume at 1 atm V 0 and the compressibility of the DIF hull γ are determined by the simultaneous Equation (28) at two different pressures. After calculation, the DIF volume at 1 atm V 0 is 0.051987m 3 , and the compressibility of the DIF hull is γ = 3.42E −10/Pa. As shown in Figure 20(b) , the BW fluctuates between 0.05 and 0.15 g by increasing the pressure by 1dbar.
If only the effect of the water density resulting from the pressure variation is considered, then the expression of the net buoyancy changes B 1 as the pressure changes is expressed as follows:
If only the effect of DIF hull compression resulting from the pressure variation is considered, then the expression of the net buoyancy changes B 2 as the pressure changes is expressed as follows:
In accordance with the experimental initial condition, when the initial net buoyancy is 0.2744 N, the net buoyancy simulation result of the DIF is as shown in Figure 19 . The red solid line represents the relationship curve between the net buoyancy changes and pressure by using Equation (29). The blue solid line represents the relationship curve between the net buoyancy changes and pressure by using Equation (30). The yellow point represents the net buoyancy changes of the DIF under a pressure of 6.8 MPa when only the effect of water density is considered. The black point represents the net buoyancy changes of the DIF under a pressure of 6.8 MPa when only the effect of DIF hull compression is considered. The difference between the two points represents the net buoyancy simulation result of the DIF when the pressure increases from 0 MPa to 6.8 MPa. Through simulation analysis and calculation, the simulation calculation result of the difference value between the two points is 0.287 N.
In the simulation analysis in Figure 21 , the buoyancy produced by each weight is considered during the pressurization experiment. The volume of 1 g weight is 0.088 ml, and the buoyancy produced by each weight is 0.0008642 N. In addition, the weight of the rope used for lifting is 0.32 g. The gravity produced by the rope is 0.003136 N. The total net buoyancy simulation result of the DIF is 0.287 N. Thus, if the buoyancy of a weight and the gravity of the rope are removed, then the net buoyancy calculation result of the DIF is 0.283 N. When the weight is lifted vertically, and the next weight lies flat at the bottom of the fixed frame, the rope between the two weights is unstrained; it is defined as the weight to be lifted. A 1 g weight is lifted under a pressure of 6.8 MPa during the experiment. The experimental result of the net buoyancy changes is less than 0.283 N when the pressure increases from 0 MPa to 6.8 MPa. The analysis results are validated by the net buoyancy experimental results of the DIF in the hyperbaric tank system. When the pressure increases from 6.8 MPa to the maximum pressure of 40 MPa, the net buoyancy of the DIF increases from 0.283 N to 2.382 N.
The compression experimental results of the DIF with and without protective hulls are obtained using the hyperbaric tank system to compare the compression between the spherical glass housing and protective hulls, respectively. As shown in Figure 22 , the experimental results show that the compression of the DIF hull is determined by the compression of the spherical glass housing. The analysis results of Section III-B is verified.
To study the difference of compressibility between the water and the DIF hull, the regression curve of the change rate in the water density and the DIF hull compression with pressure is compared in Figure 23 . Under a pressure of 40 MPa compared with that at 6.8 MPa, the increased rate of water density is 1.5%, the reduced rate of the DIF hull compression is 1.132%, and the reduced rate of the spherical glass housing compression is 1.04%. Regardless of DIF with or without protective hulls, the increased rate of water density is greater than the reduced rate of the DIF hull compression. If only the pressure effect is considered when the compressibility of the DIF hull approximately coincides with water, then the DIF achieves a state of neutral buoyancy at any specified depth. This condition is helpful for stating the neutral buoyancy at any predefined depth while increasing the compressibility of the DIF hull. If the compressibility of the DIF hull is increased, then the external bladder volume is reduced, and the associated buoyancy is increased. Therefore, a small external bladder volume can save power and perform longterm operations.
B. RESULTS OF THE AT-SEA BALLASTING EXPERIMENTS
The ability of the DIF is confirmed to withstand a maximal operating pressure of 40 MPa in the hyperbaric tank system. To verify the feasibility of the math model of the BW and MOC at different predefined depths in the sea trial area, the initial conditions of the at-sea ballasting experiments are determined. The ballasting experiment was conducted at a depth of over 4200 m (Figure 24 Step 1: The predefined depth was initially determined at less than the maximum depth of the sea trial area. In accordance with the math model, the BW and MOC at different predefined depths were calculated. The ballast was a stainless-steel weight combination of different weights. The MOC was set up before the DIF was deployed.
Step 2: The DIF with ballast was dropped into the sea, and then the MOC of the external bladder was pumped back into the internal reservoir. When the DIF dove to a certain depth, the current depth was measured and recorded by the CTD sensors. If the current depth was unchanged within 10 minutes, then the current depth was the maximum submergence depth.
Step 3: When the DIF hovered at the maximum submergence depth, the hydraulic oil was pumped into the external bladder. At this time, the DIF began to ascend. When the DIF was floated to the surface, the DIF was retrieved.
Step 4: Steps 1 to 3 were repeated to obtain the actual maximum submergence depth at different BW. The actual maximum submergence depth and the predefined depth were compared. Figure 25 displays the comparative results of the predefined depth and actual maximum submergence depth at different BW. The predefined depths are 100, 300, 500, 700, 900, 1000, 1100, 1300, 1500, 1700, 1900, 2000, 2100, 2300, 2500, 2700, 2900, 3000, 3100, 3300, 3500, 3700, 3900, 4000, and 4200 m. The BW and MOC at the predefined depth are calculated using Equations (25) and (27) , respectively. The DIF can dive to a scope of predefined depth through Equations (25) and (27) . The actual maximum submergence depth is more than the predefined depth at different BW. The depth error is the difference between the predefined depth and the actual maximum submergence depth. Figure 26 (a) shows that the depth error increases with the gradual increase in the predefined depth. By applying the math model of the BW and MOC, the minimum depth error is 2.2 m at a predefined depth of 100 m. The maximum depth error is 108.3 m at a predefined depth of 4200 m. To evaluate the depth error at different predefined depths, the depth error ratio at different predefined depths δ is defined as follows:
where D p and D s denote the predefined depth and the actual maximum submergence depth, respectively. Figure 26(b) shows that the depth error ratio increases with the gradual increase in the predefined depth. By applying the BW and MOC math model, the scope of the depth error ratio is 2.2% to 2.8% from a predefined depth of 100-4200 m. Then, the accuracy of the BW math model is evaluated by the root mean square error of the depth error:
where N denotes the number of test. The R_depth error is 32.3 m after applying the math model of BW and MOC. The maximum allowable error of depth positioning based on the actual hydrographic survey is generally within 50 m [17] . It satisfies the allowable depth error of 50 m at a predefined depth. Then, the feasibility of the proposed BW math model is further verified.
The key problem is that the DIF hull deformation and seawater density variation with depth cause corresponding changes to net buoyancy and increase the extra energy for the buoyancy-driven system. The ballasting method is used to analyze the changes of the DIF hull compression and net buoyancy at a predefined depth. The compressibility adjustment of the DIF hull mainly depends on the change in the material property parameters and the geometric parameters of the spherical glass housing, such as the Poisson's ratio, modulus of elasticity, thickness, and radius. These parameters can be optimized in accordance with the range variation of the predefined diving depth and the seawater compressibility of the sea trial area. According to the compressibility adjustment of the DIF hull, the net buoyancy changes of the DIF with depth reaches an ideal target. Similarly, prior to the deployment of DIF, when the seawater density distribution model of the sea trial area is obtained in advance, the DIF can dive to a range of the predefined diving depth according to the combination model of BW and MOC. The calculated BW is used to allow the net buoyancy changes to reach an ideal target at a predefined depth. However, the ideal target is for the buoyancy-driven system of the DIF to reduce energy consumption and perform long-term operations.
An optimal idea of the net buoyancy adjustment scheme is shown in Figure 27 .
VI. CONCLUSION
A spherical DIF is considered as the research object in this study. The ballasting method is adopted to analyze the net buoyancy changes of the DIF in the hyperbaric tank system. On the basis of the experimental results of the hyperbaric tank system, the DIF volume at 1 atm and the compressibility of the DIF hull are calculated by the regression relation. A combination model of BW and MOC for the DIF is proposed to analyze the net buoyancy changes of the entire DIF completely and reduce the negative effects of these changes at different submergence depths in the sea trial area. The feasibility of the proposed model is further verified by the at-sea ballasting experiments. The theoretical analysis and experimental results provide an effective basis to reduce the power consumption of the buoyancy-driven system in the deep submergence process. The main conclusions are summarized as follows:
(1) The experiment results in the hyperbaric tank system indicates that if only the pressure effect is considered on the net buoyancy of the DIF, then the regression relationship between the pressure and the net buoyancy of the spherical DIF is nonlinear. The BW fluctuates between 0.05 and 0.15 g by increasing the diving depth by 1 m.
(2) The at-sea ballasting experiments indicate that the scope of the depth error ratio is 2.2%-2.8% from a predefined depth of 100-4200 m.
The proposed method has the following shortcomings and needs further improvement:
(1) The DIF requires sufficient buoyancy to resurface with different external bladder volumes in various sea areas. Therefore, performing precise ballasting is necessary to achieve maximum buoyancy. The ballasting curve with high precision is required. The entire experimental mission can be performed under realistic water pressure conditions. However, the BW experiment involves various factors. Ideally, the hyperbaric tank experimental system should simulate the actual sea area conditions of deployment. Thus, the effect of seawater salinity and temperature on the buoyancy changes of the DIF should be considered. However, the temperature and salinity of the water inside the hyperbaric tank system cannot be controlled precisely at present. For these reasons, these factors are ignored in the hyperbaric tank system experiment. In the future, the hyperbaric tank should be filled with seawater prior to DIF immersion. The hyperbaric tank system should be equipped with a water temperature adjustment mechanism to simulate the change in seawater temperature automatically.
(2) When the DIF hovers at a predefined depth, the hydraulic oil in the external bladder is also compressed due to the high pressure of the actual sea environment. To eliminate this effect, the volume compression of hydraulic oil is considered into the minimum oil content of the external bladder model, and the model (27) should be modified in the future.
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